Traumatic brain injury (TBI) affects over 2.8 million people annually, and has been shown to increase motor impulsivity in both humans and animals. However, the root cause of this behavioral disinhibition is not fully understood. The goal of the current study was to evaluate whether timing behavior is disrupted after TBI, which could potentially explain increases in impulsive responding. Twenty-one male three-month old Long-Evans rats were trained on a fixed interval-18 s schedule. Following training, rats were placed on the Peak Interval Procedure, with intermittent peak trials. On peak trials, no behaviors were reinforced and response rates were recorded to determine timing ability. After reaching a stable baseline, rats received bilateral frontal TBI (n = 12) using controlled cortical impact or sham procedures (n = 9). After one week recovery, rats were re-assessed on the Peak Procedure for six weeks. An amphetamine challenge was carried out after behavior reached stable postinjury performance. TBI caused a chronic decrease/acceleration in peak time, increase in response variability, and reduction in response rate. The shifted peak time suggests that altered perception of time may contribute to impairments in response inhibition after TBI. Amphetamine significantly increased response variability, with TBI animals demonstrating greater sensitivity, but did not affect peak time in either group. These data suggest that timing may not be the sole factor explaining impulsive action after TBI given that amphetamine reduced motor impulsivity in prior studies. Further investigations will be needed to dissociate the effects of amphetamine on TBI with regard to timing behavior.
Introduction
Traumatic brain injury (TBI) affects over 10 million people annually across the world and is a major concern for the medical field [1] . While mortality due to TBI has trended downward, there is a large population of patients living with enduring deficits. In addition to the well-known effects of TBI on risk for neurodegenerative disease [2] , brain injury can also lead to a host of psychiatric disorders and subclinical symptoms [3] . In particular, psychiatric disease, as well as impulsivity-related syndromes such as aggression, and disinhibition are relatively common, even in cases of mild brain injury [4, 5] . In the absence of a full-fledged psychiatric disorder, these behavioral pathologies can still have severe consequences for individuals and their close relations, significantly affecting quality of life. Understanding why symptoms such as impulsivity emerge after TBI could significantly improve clinical efforts to treat brain injury, through both pharmacological and rehabilitative means.
Impulsivity is a complex construct, and can be measured in many different ways. At its core, impulsivity reflects action without forethought and largely results in suboptimal outcomes. Many researchers find it useful to classify impulsivity into two distinct subtypes: choice impulsivity, or decisions that result in short-term gain at the cost of long-term benefits, and motor impulsivity, or the inability to inhibit actions [6, 7] . Patients with TBI display chronic deficits across both forms of impulsivity, typically in a severity-dependent fashion [8] [9] [10] . Recently, we have employed animal models to investigate the trajectory of impulsivity symptoms after focal TBI [11, 12] . In particular, TBI severity was strongly predictive of the degree of motor impulsivity deficit, and mild-injured animals displayed modest increases relative to severely-injured animals. For all injured animals, deficits lasted for at least 14 weeks post-injury [11] . However, when testing choice impulsivity on the delay discounting task, severely-injured animals only displayed a transient increase, which returned to baseline levels within three weeks [12] . While there is clearly a relationship between TBI and impulsivity, it is difficult to pinpoint the root cause of this functional impairment, and why differences should occur between impulsivity subtypes. However, given the specific task requirements for testing motor and choice impulsivity in the previous studies, disruption in timing behavior, and specifically an acceleration of time perception may explain these observations. If the subjective rate of passage of time is increased after TBI, this would make motor impulsivity tasks much more difficult as they require waiting a prerequisite length of time before responding, when in contrast, on the delay discounting paradigm, the aversive longer delays to reinforcement may seem to pass faster.
Timing and impulsivity are intricately linked, as reflected by examinations of temporal control over behavior in conditions with impulsivity as a core facet, such as ADHD. Specifically, adolescents with ADHD display poorer estimation abilities for intervals as short as 5-17 s relative to their peers or immediate family [13, 14] . Adults with ADHD exhibit similar errors, and increased variability in their temporal judgments [15] . Moreover, psychostimulant treatment of ADHD reduces symptoms related to timing behaviors whereas nonstimulant treatments do not [16] , suggesting a strong role for dopamine signaling in the control of interval timing. This may be specifically relevant to brain injury as dopamine release is severely attenuated after focal experimental injury [17] , and dopamine transporters and receptor levels are altered in patients with TBI [18, 19] . While relatively few studies have examined timing in TBI patients, the collective data are suggestive of increased variability in timing abilities, and very much task dependent [20] [21] [22] , particularly when considering injury severity and recovery [23] . To better understand changes in timing due to TBI, and its relation to impulsivity, animal models are needed to parse specific contributing variables.
There are multiple paradigms for assessing timing function in humans and other nonhuman animals [24] . Two of the most common are time discriminations (e.g. temporal bisection procedure) or schedules of reinforcement with explicit timing components. In particular, the fixed interval (FI) schedule is useful for examining timing sensitivity. Under an FI schedule, response rates typically accelerate as the interval progresses up to the point of reinforcer delivery. This produces what is conventionally known as a "scalloped" pattern of responding [25] . This characteristic pattern of responding can be utilized to test timing in a manipulation known as the Peak Interval (PI) procedure [26, 27] . The PI procedure encompasses a typical FI schedule with probe or "peak trials" in which reinforcement is withheld. During peak trials, responding increases until near the FI time, then descends when no reinforcer is given, resulting in a roughly Gaussian distribution of presses centered around the FI time. A fitted Gaussian function over the data produces several useful parameters which can be used to evaluate how strong temporal control is over behavior [28] .
The current study evaluated whether timing behavior was disrupted due to TBI, which could explain dissociations between choice and motor impulsivity after frontal brain injury. We hypothesized that TBI would cause poorer temporal control, with an earlier peak time on the PI procedure. Finally, an amphetamine challenge was also conducted to investigate sensitivity to monoaminergic disruption between groups. We hypothesized that TBI animals would show improvements in timing similar to those previously reported in motor impulsivity under amphetamine [11] .
Methods

Subjects
Twenty-four male three-month old Long-Evans rats were included in this study (three were excluded due to lack of baseline stability, resulting in 21 total subjects included). All elements of this study were reviewed by the West Virginia University Institutional Animal Care and Use Committee. The rats were pair-housed pre-injury in standard rat cages, and single-housed after surgery. Rats were kept on a 12-h light/ dark cycle with access to water ad libitum and restricted to 14 g of rodent chow daily during the experimental period, with weights monitored weekly. Shredded nesting paper was available to the rats as enrichment. Training was implemented between 11:30 a.m. and 1:30 p.m. on weekdays.
Apparatus
Testing was performed in a bank of 16 operant chambers, each enclosed in a sound-attenuated box. Each chamber was equipped with a grid floor consisting of stainless steel rods, a pellet hopper and a food trough with light in the center of the right wall with two retractable response levers on either side, a cue light above each lever, a 5-choice array on the opposite side, and a houselight and tone generator. Only the left lever, left cue light, food hopper, and hopper light were used in this experiment. Data were recorded using two PC computers running custom software programs written in MedPC-IV. Sessions were accompanied by a white noise machine to mask background noises.
Peak procedure training
Training was accomplished in five stages based on previous studies [29] . In stage 1, rats were acclimated to operant chambers in a 10 min habituation session with five sucrose pellets available. Stage 2 was an autoshaping procedure, where a variable-time 25 s schedule extended the lever and lit the cue light, then delivered a pellet after 10 s, and rats could earn up to 50 reinforcers. A concurrent continuous reinforcement schedule was available when the lever was extended such that a lever press resulted in immediate reinforcement. Stage 3 of training was a fixed interval (FI)-5 s schedule which was gradually leaned to an FI-10 and then an FI-18 schedule, which reinforced lever presses that occurred after the requisite time had elapsed. For the fourth stage, rats were assessed on an FI-18 s schedule with a limited hold of 18 s and a total time between trials of 72 s. At the start of a trial, the lever extended and cue light illuminated. Omissions and the pattern of responding were recorded. Once rats developed a characteristic scalloped pattern of responding [25] with low omissions, the Peak Procedure was implemented (stage 5). Peak trials were randomly interspersed such that rats received approximately 25% PI trials versus normal FI trials in a single session. During a peak trial, reinforcement was withheld and the trial continued out to 54 s before terminating. The total trials for each day was 72, and sessions lasted approximately 90 min. Rats were assessed daily until reaching a stable baseline (∼20 sessions PI, ∼50 total sessions). Each session averaged approximately 55 FI trials and approximately 17 PI trials. Baseline stability was determined by visual analysis of the data, with a requirement of no major change across a one-week (5 session) period, and a requirement that the subject displayed some level of peak responding.
Surgery
Once reaching a stable baseline, rats received a bilateral frontal TBI or a sham procedure. The 21 rats were matched based on peak interval, variance parameters, and omissions, then randomly assigned TBI (n = 12) or Sham (n = 9). Controlled cortical impact (CCI) procedures were carried out as previously described [11, 12] . In brief, rats were anesthetized with isoflurane anesthetic (5% induction, 2-4% maintenance) in 0.5 L/min oxygen. Local analgesic (bupivacaine, 0.25%) was given at the incision site and general analgesic (ketoprofen, 5 mg/ kg) was given subcutaneously. Rats were placed in a stereotaxic frame, surgical site sterilized, and a midline incision performed. After retracting the periosteum, a 6 mm circular craniotomy was measured out, centered at +3.0, + 0.0 mm from bregma and performed using a surgical drill. A bilateral, frontal CCI (-2.5 mm depth, 3 m/s velocity, 500 ms dwell) was then induced using a Leica Impact One device (Leica Biosystems, Buffalo Grove, IL). Bleeding was stopped, the incision site sutured closed, and triple-antibiotic lotion applied to the site. Sham animals received intact procedures, which did not include craniotomy or impact. Our prior studies have shown no impact of craniotomy on sensitive functional outcomes of decision-making and impulsivity [11, 30] , and thus intact sham procedures were chosen.
Behavior assessment
After 7-days of recovery rats were re-assessed on the peak procedure for TBI-related deficits. Testing was conducted for 6 weeks (week 7 post-injury), until behavior stabilized. An amphetamine challenge was given in post-injury weeks 8 and 9.
Pharmacological challenge
An amphetamine challenge was implemented after the post-injury assessment. Animals were randomly assigned to amphetamine or saline conditions for week one, and then conditions reversed in week two. Ten minutes before the start of a session, d-amphetamine hemisulfate (Sigma, St. Louis, MO), dissolved in 0.9% phosphate buffered saline (PBS), was injected (1.0 mg/kg, i.p.).
Histology and lesion analysis
After behavioral testing concluded (10-weeks post-injury), rats were euthanized with sodium pentobarbital. Brains were removed and postfixed in 3.7% formaldehyde for 72 h, then placed in a 30% sucrose cyroprotectant solution. Brains were embedded in a gel matrix (15% gelatin) with five brains per gel block, and sliced, frozen, on a sliding microtome at 40 μm. Sections were mounted to slides and stained for cresyl violet to visualize the extent of the lesion. Images were captured on a Konica Minolta copier at 600 DPI, and remaining brain size estimated in ImageJ (NIH, Bethesda, MD) by measuring 4 sections transversing the lesion cavity (+4.5, +3.5, +2.5, +1.5 from bregma), averaging their area, and multiplying by the thickness [31] .
Data recording and analysis
During each session, total omissions were tracked. For the PI trials, every press, the interresponse time (IRT) and lever hold duration were recorded. Presses during PI trials were averaged, and binned into 1 s increments. A Gaussian function was then fit similar to previously described [28] , using one week's worth of data (5 sessions). The function, a * e^{-0.5*[(t-t 0 )/b] 2 }, contains parameters of t 0 corresponding to peak time, b/t 0 corresponding to variance, and a corresponding to peak response rate. This simplified formula (no parameters accounting for the tail of the function) was adopted due to low response rates in the TBI group impacting ability to fit additional parameters.
For each week of testing, the function was fit to estimate the parameters of the equation for each subject as well as for the group to generate figures and unbiased estimates of group parameters. The estimates of peak time, variability, and peak response rate as well as directly recorded parameters of omissions, IRT, and lever hold duration were analyzed in a linear mixed effects regression with fixed-effect predictors of Injury, Week, and the Injury X Week interaction and random-effect predictors of individual subject. Analyses of amphetamine data used fixed-effect predictors of Injury, Drug, and Injury X Drug interaction. One-way ANOVA was used to compare pre-injury baseline performance, and remaining brain volume between the two groups. Transformations were applied to the data as appropriate to normalize distributions, with the log transformation for data bounded on the lower end (omissions, IRTs, lever holds). All data were analyzed using R statistical software (http://www.r-project.org/) with the lme4, lmerTest, and stats libraries. A p-value equal to or less than 0.05 was considered significant.
Results
All pre-injury variables were analyzed with a one-way ANOVA to determine if there were any differences between the groups. There were no significant differences on any of the variables at baseline (F's < 0.62, p's > 0.441).
Effects of TBI on timing behavior
To assess timing behavior, the parameters from the model (peak time: t 0 , variance: b/t 0 , peak rate: a) were compared across the groups and time. The TBI group had a reduction in peak time from week 4 postinjury until the end of testing (Injury X Week interaction: β = -0.26, t = 3.34, p < 0.001). Variance was increased in the TBI group, although it declined over time, (Injury X Week interaction: β = -0.31, Fig. 1 . Averaged raw response rate data (left) and fitted Gaussian functions of those data (right). TBI caused a marked reduction in overall response rate, and a leftward shift in peak time off of the 18 s FI point (marked by a dashed line). Parameters extracted from the Gaussian function were analyzed to understand between-group differences. t = 5.48, p < 0.001). Peak response rate was similarly affected in TBI animals, but in an opposite fashion: starting low, and increasing across time, (Injury X Week interaction: β = 0.10, t = 2.85, p = 0.005). None of these parameters had reached sham levels by 7-weeks post-injury (see Figs. 1 and 2 ).
Effects of TBI on response-related variables
To determine if actions other than timing behavior were affected by injury, omissions (motivation/task engagement), lever hold durations (subtle motoric effects), and IRTs (response patterns) were analyzed. Omitted responses were initially higher in TBI animals, but declined rapidly and reached sham levels relatively quickly (Injury X Week interaction: β = -0.21, t = 3.62, p < 0.001). An examination of lever hold duration, revealed no significant injury-related deficits, but a weak trend for of change across time (Injury X Week interaction: β = -0.02, t = -0.35, p = 0.727; Injury: β = 0.36, t = 0.95, p = 0.353; Week: β = -0.09, t = 1.97, p = 0.051). However, IRTs declined across time from high initial values in the TBI group (Injury X Week: β = -0.09, t = 2.01, p = 0.047; see Fig. 2 ).
Effects of amphetamine on timing behavior & response-related variables
To evaluate the effects of a general monoaminergic challenge to timing behavior, and any injury-related sensitivity, data from the peak interval task were compared in amphetamine and saline conditions. Amphetamine caused distinct effects in behaviors related to timing relative to response-related parameters. Interestingly, amphetamine did Fig. 1. A) TBI caused a significant and persistent decrease in peak time across the testing period (p < 0.001). B) Variance in peak was significantly elevated in the TBI group, but reduced across time (p < 0.001), never quite returning to sham level. C) Peak response rates were significantly reduced due to TBI, but improved to some degree over time (p = 0.005). D) TBI initially increased omissions, which recovered over time (p < 0.001). E) Interresponse times were transiently increased due to TBI (p = 0.047). F) Lever hold durations were not significantly affected by TBI (p = 0.353).
not significantly alter peak time or interact with Injury, (Injury X Drug: β = 0.45, t = 0.82, p = 0.421; Drug: β = 0.63, t = 1.49, p = 0.152). However, amphetamine led to a significant increase in variance, and interacted with Injury, such that TBI animals had even larger increases, (Injury X Drug: β = 0.62, t = 2.07, p = 0.046; Drug: β = 1.31, t = 5.7, p < 0.001). Amphetamine also decreased peak rates of responding, across both groups (Injury X Drug: β = 0.55, t = 1.02, p = 0.322; Drug: β = -1.14, t = 2.72, p = 0.015; see Fig. 3 ). Amphetamine had no effects on omissions, lever hold duration, or IRTs (β's < 0.61, t's < 1.56, p's > 0.139). Likewise, there were no Drug X Injury interactions (β's < 0.59, t's < 1.02, p's > 0.321; data not shown).
Lesion analysis
Damage was confirmed in all TBI animals, and total brain volume was significantly reduced relative to Sham, F (1,17) = 5.12, p = 0.037 (see Fig. 4 ).
Discussion
Understanding the core variables which cause impulsivity after TBI could lead to novel therapeutic targets or more effective behavioral interventions for individuals suffering from these debilitating symptoms. Notably, the ability to accurately discriminate the passage of time may be a significant contributing factor. In the current study we observed that frontal brain injury caused a persistent decrease in peak time, a clear deficit in timing. This was accompanied by increased variability in responses, and reduced rates of responding, neither of which reached baseline by 7-weeks post-injury (Figs. 1 and 2 ). Despite these functional impairments, no enduring deficits were demonstrated Fig. 3 . Effects of amphetamine on the Peak Interval task. A) Averaged raw response rates after saline injection. B) Averaged raw response rates after 1.0 mg/kg amphetamine injection. C) Gaussian fit of response rates after saline injection. D) Gaussian fit of response rates after 1.0 mg/kg amphetamine injection. E) Amphetamine did not significantly change estimated peak time (p = 0.152). F) Amphetamine significantly increased variance in responding (p < 0.001), and had a larger effect in TBI animals (p = 0.046).
on the non-timing related behavioral measures (Fig. 2 ). An amphetamine challenge had no overall effect on peak time, but this was largely due to the increase in response variability across both groups, with the greatest drug sensitivity in the TBI group (Fig. 3) . In previous studies, animals with TBI have shown a differential sensitivity to amphetamine, however theses effects were beneficial in the direction of reduced impulsivity [11] .
Multiple research groups have reported deficits in motor impulsivity after experimental TBI [11, [32] [33] [34] [35] , however some of these involve directly inhibiting an action (e.g. go/no-go, stop-signal task) based upon signals versus merely waiting for a prescribed passage of time (e.g. differential reinforcement of low-rate responding, five-choice signal reaction time task). Notably, these impulsivity deficits occur in both focal injuries, such as the data shown here, and in more diffuse models [33] . Shifts in the ability to time events, and specifically an increase in perceived rate of time passage, could explain at least the major deficits in waiting impulsivity present following TBI. In a prior study, we have observed increases in impulsive responding after injury [11] . Given that this behavioral assessment required animals to wait a specific period of time (i.e. 5 s) before initiating a response, perceptions of time may play a large role in dictating response patterns. While, we cannot conclusively say how animals experience time, in the current study, we observed an almost 3 s accelerated shift in the TBI animals relative to sham, which would equate to as much as a 120% difference. Even more interesting is that this developed over time (by 4-weeks post-injury), which maps on to a very similar progression of increased impulsive responding over time in prior studies [11, 36] . Finally, these changes in time discrimination may explain discrepancies observed when TBI animals were previously tested on a delay-discounting task. Specifically, animals with the same injury as those reported here, only had a transient increase in impulsive choice, which normalized by week 4 postinjury [12] . The major difference in this task is that increased perception of the passage of time could lend to a 'less impulsive' phenotype because delays may be perceived as shorter. Interestingly, in that study, animals with a milder injury (∼10% of force) had a more enduring impulsive phenotype, highlighting the complexities of TBI, particularly with regard to cognitive function.
Given the complicated nature of brain injury, studies investigating the neural basis of timing in intact animals may yield explanations for post-injury deficits. The neural underpinnings of timing have been explored extensively to determine the circuits responsible for representing the passage of time, particularly with regard to environmentally-relevant stimuli (e.g. obtaining food). Multiple regions have been implicated, however timing at intervals on the order of multiple seconds, is strongly linked to the frontal cortex and its motor output via the basal ganglia [37, 38] . Given the ongoing and progressive nature of brain damage, these circuits and their white matter connections may continue to degrade over time [39] . While this was not addressed in the current study, investigation of these pathological changes and associated behavioral aberrations at later time points would be of great benefit. Another target of interest is dopamine, given its role in supporting timing behavior. Specific disruptions to D1-mediated signaling in the frontal cortex distinctly alter high-frequency burst firing and subsequently impair response patterns for timed stimuli [40] . Thus, it is not particularly surprising that strong dopaminergic drugs such as amphetamine have been reported to alter timing. In the current study, amphetamine merely disrupted response patterns without any discernible specific effect on timing behavior (Fig. 3) . This stands in contrast to previous work using the same 1.0 mg/kg dose, which observed a small, but significant acceleration of timing, and a large increase in response rates [29] . Further research into the interaction of pharmacological interventions may yield a better understanding of these subtle dissociations between studies and the use of timing paradigms to study disease states, including TBI, may lead to a better understanding of the nature of timing, and provide critical information upon which therapies may be developed.
In particular, pharmacotherapies may be beneficial in the braininjured population to treat chronic deficits. Given similar impulsive phenotypes reported in TBI, drugs that benefit individuals with ADHD may also yield improvements after brain injury [41] , although more study is needed in the area, particularly with regard to timing. Recent research has suggested that psychostimulants may indeed reduce issues with impulse control in patients with TBI [42] , however based upon animal studies there may be some concern about whether conventional doses are appropriate after TBI [11] . While medication may be desirable due to the ease of administration, more involved behavioral training paradigms may also yield desirable results. For example, interventions directly designed to improve timing abilities have been demonstrated to have carry-over benefits into other areas such as impulsive decision-making [43, 44] and may be augmented by co-administration of therapeutic compounds [45] . More research will be needed to determine whether either behavioral training or pharmacotherapies may yield improvements in timing ability after brain injury.
The current study provides evidence that timing is altered after TBI, and yields a potential mechanism explaining increases in motor impulsivity. Moreover, these deficits appeared to be chronic in nature, similar to unrelenting symptoms reported in human patients [4] . However, more work is needed to determine why amphetamine may reduce impulsivity after TBI [11] , yet impairs timing function in a similar fashion to sham animals. These conflicting data suggest the existence of additional contributors to behavioral disinhibition, particularly in the case of more severe injuries. Going forward, future studies should focus on the evaluation of pharmacotherapeutic and behavioral interventions that may be successful in remediating timing-related deficits. By doing this, effective therapeutics may be developed to help the millions of people suffering from the chronic consequences of TBI. 
